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F undus autofluorescence (AF) imaging using a confocal scanning laser ophthalmoscope (cSLO) is a noninvasive approach to monitoring the natural autofluorescence of the retina generated from the bisretinoids of lipofuscin in RPE. In early studies of fundus AF in human subjects, quantitation at discrete positions on the fundus was done by noninvasive spectrophotometry. [1] [2] [3] This work contributed to our understanding of the relationship between RPE lipofuscin accumulation and age, and demonstrated increases in fundus AF in retinal disorders, such as recessive Stargardt disease, 3, 4 caused by mutations in the ATP-binding cassette (ABC) transporter ABCA4. 5 Conversely, imaging of fundus AF by cSLO records the spatial distribution of fundus AF [6] [7] [8] [9] and is valuable as a means to monitor specific patterns of AF in human retinal diseases, including age related macular degeneration and RP. [9] [10] [11] Some studies have reported comparative assessment of fundus AF enabled by adherence to well-defined imaging protocols. 12, 13 Fundus AF imaging by cSLO also has aided the characterization of retina in animal models. [14] [15] [16] Several therapeutic strategies aimed at alleviating vision loss in recessive Stargardt disease have been tested preclinically in Abca4 À/À and Rdh8 À/À Abca4 À/À mice. These approaches include vector-based gene therapies, 17, 18 and the employment of compounds that limit the visual cycle. [19] [20] [21] [22] [23] In these preclinical trials, high performance liquid chromatography (HPLC) quantitation of A2E served as the primary therapeutic outcome measure. Since HPLC quantitation requires enucleation and extraction of tissues, longitudinal studies in the same mouse are not possible.
As an alternative measure, we have been working to develop quantitative fundus autofluorescence (qAF) imaging in the mouse. This work follows a recent study that introduced a robust method for quantifying fundus AF in human subjects. 24 This approach is based on the principle that fundus AF intensities can be measured objectively if normalized to a standard reference incorporated into the imaging device. The reference enables compensation for changes in laser power and detector gain. 24 Here, we have adopted the same approach to acquire standardized fundus AF measurements in mice using a Spectralis (Heidelberg Engineering, Heidelberg, Germany) instrument, modified by the addition of an internal fluorescent reference, and by the incorporation of an aperture to reduce the laser beam diameter and detection pupil so that they can be accommodated by the smaller size of the mouse pupil. We also compared fundus AF measurements in the presence and absence of a contact lens used to retard cataract formation. We studied albino Abca4
, and Abca4 þ/þ mice at different ages, and we compared qAF values with HPLC measurements of the RPE bisretinoid A2E.
METHODS Animals
Albino Abca4/Abcr null mutant mice (Abca4
heterozygous mice, and Abca4 þ/þ wild type mice, all of which were homozygous for Rpe65-Leu450, were reared and genotyped. 25 Albino BALB/c wild-type mice were obtained from The Jackson Laboratory (Bar Harbor, ME). All animals were housed according to standard 12-hour on-off cyclic lighting with in-cage illuminance of 30 to 80 lux. Mice of each Abca4 genotype at ages 2, 4, 6, 8, and 12 months were used for imaging. After euthanization and enucleation, murine eyes were extracted for HPLC analysis or were processed for histology. The research was approved by the Institutional Animal Care and Use Committee (IACUC), and was performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Visual Research.
Fundus AF Image Acquisition
Mice were anesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). The pupils were dilated to a diameter of approximately 2.5 mm (range 2.1-2.9) by instillation of 1% tropicamide and 2.5% phenylephrine (Akorn, Inc., Lake Forest, IL) 15 minutes before image acquisition. The pupil size was measured either by placing a ruler on the surface of the eye or with the ruler tool in Photoshop CS5 (Adobe, San Jose, CA) after acquiring an image of the pupil at þ50 diopters (D), as described previously. 14 Cataract formation due to corneal surface drying in anesthetized mice is known to occur. 26 Thus, as protection, a drop of lubricant GenTeal Liquid Gel (Novartis, East Hanover, NJ) was applied topically to the corneas of both eyes before image acquisition. In addition, a custom made contact lens (PMMA mouse lens, back optic zone radius of 1.7 mm, total diameter of 3.2 mm, center thickness of 0.4 mm, straight sides; Cantor and Nissel, Brackley, UK) was placed on the eye to be imaged or on the fellow eye (as indicated) to prevent corneal desiccation. The contact lens was centered carefully and we verified the absence of air bubbles. To avoid image artefacts, whiskers were trimmed carefully and excess gel was removed gently from the corneal surface. The mouse was positioned on a custom-made platform, and body temperature was maintained and monitored with a heating blanket interfaced with temperature controller (Model TC-1000) and thermistor probe (YSI-451; IITC Life Science, Woodland Hills, CA).
AF images (558, 488 nm excitation) were acquired with a confocal scanning laser ophthalmoscope (Spectralis HRA; Heidelberg Engineering). With the 558 wide-field lens, the diameter of the incident laser beam at the mouse pupil (plane) is 1.7 mm, and the diameter of the detection pupil is 3.4 mm (the detection pupil is the area of the mouse pupil that collects light from the fundus). Since a mouse pupil dilates only to approximately 2 mm in diameter, with this configuration a significant portion of the fundus fluorescence would not be detected and a correction to account for variations in pupil diameter of the mouse would be required. To avoid these problems, the instrument was modified internally by the manufacturer such that the diameter of the incident laser beam and the diameter of the detection pupil were identical and equal to 0.98 mm. The choice of aperture was the result of experimentation with different aperture configurations. A larger common aperture provided more signal for the same laser power, but image quality was diminished and focusing required a shift to compensate for chromatic aberrations. Laser power was adjusted to approximately 280 lW. Sensitivity settings on the Spectralis were 95 to 100 (settings >100 may produce nonlinear effects).
The Spectralis was equipped additionally with an internal fluorescence reference 24 to account for fluctuations in laser power and detector sensitivity. The reference was mounted in the intermediate retinal plane of the camera, such that it was imaged simultaneously with the fundus and always was in focus.
Images were acquired under dim room light. In near infrared reflectance mode (NIR-R, 820 nm), the camera was positioned to ensure that the 558 field was centered on the optic disc and the fundus was illuminated evenly. The focus was adjusted to the point where the reflecting signal across the fundus was maximal. After switching to AF mode (488 nm), the retina was preexposed for 20 seconds to bleach visual pigment. 14, 24 The detector sensitivity was adjusted to ensure sufficient signal strength within the linear range of the device. The focus was left unchanged. Nine successive frames then were acquired with the high-speed mode (8.9 images/s). The frames were aligned and averaged with the system software and saved in the ''nonnormalized'' mode (no histogram stretching) to generate the AF image for analysis. To assess repeatability in a group of Abca4 À/À mice, two consecutive images were acquired in the first session without moving the camera or mouse. For the second session, mouse and camera were moved, and realigned, the camera settings were readjusted, and another set of images was recorded. The Spectralis was tested previously and described to be linear for exposures that produced GL < 175. 24 
Image Analysis
All fundus AF images were analyzed using a dedicated image analysis program written in IGOR (WaveMetrics, Inc., Lake Oswego, OR). Mean gray levels (GL) were recorded from 8 predefined segments around the optic disc (Fig. 1 ). Blood vessels were excluded by histogram analysis as has been described previously. 24 To calculate qAF, the mean GLs of the reference (GL R ), of each segment on the fundus (GL F ), and of the zero light (GL 0 , equivalent GL given by the software) were combined as qAF ¼ RCF 3 (GL F À GL 0 )/(GL R À GL 0 ). RCF is the reference calibration factor (0.7 in this study), which is obtained by calibration with an external master reference. 24 All qAF values reported in this study were calculated as the mean qAF of all 8 segments (Fig. 1) . qAF values are based on means of at least 2 images obtained from the first eye recorded to minimize the likelihood that cataract formation would affect qAF results.
Histometric Analysis
Following sacrifice and enucleation, eyes were immersed in 4% paraformaldehyde for 24 hours at 48C. Sagittal paraffin serial sections of mouse retina were prepared, and stained with hematoxylin and eosin. The section positioned most centrally in the optic nerve head (ONH) was selected and imaged with the 203 objective using a digital imaging system (Leica Application suite; Leica Microsystems, Welzlar, Germany) and composite images were created in Photoshop CS5. Outer nuclear layer (ONL) thickness then was measured at 200 lm intervals superior and inferior to the edge of the ONH along the vertical meridian. 25 The measurements were made using the Photoshop CS5 ruler tool and a custom measurement scale. ONL width in pixels was converted to micrometers (1 pixel ¼ 0.23 lm). For groups of Abca4 À/À , Abca4 þ/À , and Abca4 þ/þ mice at defined ages, mean ONL thickness at each position along the vertical meridian was plotted as a function of eccentricity from the ONH.
Quantitative HPLC
Mouse eyecups were pooled (4-8 eyes per sample depending on genotype), homogenized, extracted, and filtered, and the solvent was evaporated as described previously. 27 The extract was redissolved in chloroform/methanol, and A2E and iso-A2E were measured by HPLC (Alliance system; Waters Corp., Milford, MA). 28 Absorbance peaks were identified by comparison with external standards. Molar quantities per eye were calculated from peak areas using standard concentrations determined spectrophotometrically together with published extinction coefficients. Values from each sample were calibrated to the number of eyes in a sample and were expressed as picomoles/eye. Mean 6 SEM for each genotype and age were obtained by averaging multiple independent samples.
Statistical Analyses
Analyses were performed using Prism 5 (GraphPad Software, La Jolla, CA) and the statistical tests as indicated.
RESULTS

Contact Lens and Cataract Formation
To assess the effect of contact lens absorption on qAF values, we imaged one eye of 4 mice (BALBc, age 10 months), first with a contact lens on (3 images) and immediately after with the contact lens removed (3 images, Fig. 2) . qAF values were consistently lower (average difference 39%) in the presence of the contact lens and the qAF values also were more variable (mean 6 SD with contact lens 0.97 6 0.30, without contact lens 1.61 6 0.11). The coefficient of variation was 31.3% in the case of the contact lens and 6.8% with no contact lens.
To evaluate cataract formation during imaging in the absence of a contact lens, we acquired images for 7 minutes in 30-to 60-second intervals (Figs. 3A, 3B ). Without use of the contact lens, qAF values started decreasing 30 seconds after the initial image was acquired at time zero. After 90 seconds qAF had decreased by approximately 14% and after 300 seconds a 50% decline was observed (Fig. 3B) . Conversely, in the presence of the contact lens, qAF values decreased only 1.8% over 300 seconds of serial imaging (Fig. 3A) .
A correction factor, to account for the artificially low qAF values in the presence of a contact lens, was not achievable, since in our hands the extent of attenuation was not sufficiently constant. Consequently, AF images used for comparison of qAF among varying genotypes and age (discussed below) were acquired without a contact lens, and these images were acquired during a relatively short interval of 60 seconds. Meanwhile, the contact lens was placed on the fellow eye to protect the cornea and lens.
Focusing
We evaluated the effect of focusing errors on qAF values (Abca4 À/À mouse, age 10 months) using a contact lens to minimize a potential bias from cataract formation. The focus first was adjusted in NIR-R mode to the point where the reflectance signal across the fundus was the highest. This focus setting served as our reference point, as it corresponded to the focus that would have been chosen for AF imaging as part of our standard imaging protocol. Subsequently, in SW-AF mode, we varied the focus in intervals of 2 D in the hyperopic and myopic directions, and acquired 2 images at each focus setting. Calculation of mean qAF at each focus revealed that the focus chosen in NIR-R mode also exhibited the highest qAF values (Fig. 3C) . Defocusing by þ2 D decreased qAF values by 3.4%. A change of þ4 and À4 D resulted in decreases of 10.2% and 5.8%, respectively. A hyperopic shift of þ20 D caused a 45.3% decline in qAF and a myopic shift of À15 D caused a 22.8% decrease. The decrease in qAF was more rapid in the hyperopic direction. Foci used for AF imaging across all mice in our study ranged from À5.8 to þ 30.4 D. Between sessions the focus only differed by 2 to 3 D. Thus, a focusing error would have contributed less than 10% to qAF variation.
Spatial Distribution of qAF
We compared gray scale intensity levels in each of 8 sampling segments (Fig. 1) to determine whether AF intensity exhibited spatial differences across the mouse fundus. For Abca4 À/À mice (8 months), the mean qAF ranged from 2.79 to 3.27 and for Abca4 þ/þ mice (8 months) the range was 1.32 to 1.5 qAF units. By one-way ANOVA, differences in qAF values among the segments were not statistically significant in either the Abca4 
qAF Repeatability
We tested the intersession repeatability of qAF while imaging 5 Abca4 À/À mice (age 6 months) without the contact lens. The Bland-Altman coefficient of repeatability (95% confidence interval) was 618.6% for measurements between first and second sessions, with the mouse and camera being repositioned between sessions. Thus, an image taken in a second session can be expected to differ from the first session by more than 18.6% only 5% of the time. Intersession differences in qAF values were not statistically significant (unpaired t-test, P > 0.05).
qAF Values as a Function of Genotype and Age
We measured fundus AF levels in Abca4
, and Abca4 þ/þ mice at 2, 4, 8, and 12 months of age (without a contact lens) to calculate qAF values averaged over all segments. Measurements revealed an age-related increase in fundus AF intensities in all genotypes (Fig. 4A) . qAF intensities in Abca4 null mutant mice from 2 to 12 months of age were 1.8-to 2.6-fold greater than in Abca4 þ/þ mice (P < 0.05). qAF values in heterozygous mice (Abca4 þ/À ) also were consistently greater than in wild-type mice (Abca4
), but here the average difference was only 15% and did not reach statistical significance (P > 0.05).
As a measure of the consistency of the values, the coefficient of variation (CV) (SD/mean 3 100) for Abca4 À/À , Abca4 þ/À , and Abca4 þ/þ mice at 4 months of age was 629.2%, 630.5%, and 626.2%, respectively. Within-session repeatability (Bland-Altman coefficient), determined using values for Abca4 À/À mice at 6 months of age, was 623.2%. Differences in qAF between images 1 and 2 in single sessions were not statistically significant (unpaired t-test, P > 0.05).
Linear regression was used to compare the rates of increase in qAF from 2 to 8 months of age. The slopes (6SE) of the regression lines for Abca4 þ/þ (0.09 6 0.02) and Abca4 þ/À (0.11 6 0.03) mice differed significantly from Abca4 À/À (0.19 6 0.04), but the slopes for Abca4 þ/þ and Abca4 þ/À were not significantly different (one-way ANOVA and Tukey's multiple comparison test, 0.05 level of significance).
HPLC Quantitation of A2E
A2E, a bisretinoid compound of RPE lipofuscin, was quantified by integrating HPLC peak areas and normalizing to a calibration curve. As shown previously, 28,29 A2E levels were increased considerably in Abca4 À/À mice compared to wild-type (Fig.  4B) . Levels of A2E in heterozygous mice were intermediate between Abca4
À/À and Abca4 þ/þ mice. For instance, at 2 and 4 months of age the mean content of A2E in Abca4 À/À mice was 4-and 2.8-fold greater, respectively, than in Abca4 þ/þ mice (P < 0.05). Conversely, in Abca4 þ/À mice the difference was 1.5-and 2-fold (Abca4 þ/À versus Abca4 þ/þ at 2 and 4 months, respectively; P < 0.05 at 4 months).
Linear regression was used to compare the rates of increase in A2E from 2 to 8 months of age. The slopes (6SE) of the regression lines for Abca4 þ/þ (0.85 6 0.18) and Abca4 þ/À (1.23 6 0.19) mice differed significantly from the linear slope for Abca4 À/À (2.86 6 0.65) but the slopes for Abca4 þ/þ and Abca4 þ/À were not significantly different (one-way ANOVA and Tukey's multiple comparison test). However, a quadratic regression model better described the increase in A2E with age (quadratic coefficient 0.30 6 0.06) as attested to by a higher goodness of fit (R 2 ¼ 0.70) compared to that for the linear regression (R 2 ¼ 0.61). For the Abca4 À/À mice, the slope of the quadratic was 1.2, 2.4, 3.6, and 4.8 at 2, 4, 6, and 8 months of age, respectively.
In Figure 4C , we plotted average values of qAF as a function of A2E at each age and genotype. Also shown is a line fit by weighted linear regression through the data of all genotypes. Multiple regression analysis of the weighted data showed no significant association with A2E 2 , age, and genotype, and no significant genotype-age interaction. The slope of the line was 0.10 6 0.01 qAF-units per pmol/eye (6SE, P < 0.0001) and the intercept was 0.7 6 0.1 qAF units (P > 0.0001). These findings indicated that qAF and A2E are not proportional to each other.
For all 3 genotypes, A2E accumulates with age more rapidly than qAF. For qAF and A2E, and for all 3 genotypes, we calculated the ratio of the measure at age 8 months to the measure at age 2 months, as a simple indicator of relative accumulation. For A2E and qAF, respectively, these ratios are 3.0 6 0.6 and 1.7 6 0.1 in Abca4 þ/þ mice, 3.1 6 0.7 and 1.8 6 0.2 for Abca4 þ/À mice, and 2.8 6 1.6 and 1.6 6 0.2 in Abca4 À/À mice.
ONL Thickness
We evaluated photoreceptor cell viability in Abca4
, and Abca4 þ/þ mice by measuring ONL thickness. ONL width was plotted in 200 lm intervals superior and inferior to the ONH in the vertical plane. Results are presented in Figure 5 . ONL thickness at 4 months of age was not statistically different among the 3 genotypes (one-way ANOVA, P > 0.05). However, at 8 months of age, ONL thinning was observed in Abca4 À/À and Abca4 þ/À mice. For instance in Abca4 À/À mice, at 0.4 mm superior and inferior to ONH there was a 19% and 24% reduction, respectively, in ONL width compared to Abca4 þ/þ mice (P < 0.05). The thinning in Abca4 À/À mice was accentuated further at age 12 months. ONL thickness also was reduced in Abca4 þ/À mice at 8 months of age, and at 12 months of age ONL thinning in the heterozygous mice had progressed such that thickness was significantly different from Abca4 þ/þ mice at 13 months of age (0.2-2.0 mm superiorly and inferiorly, P < 0.05). Wild-type mice did not exhibit ONL thinning even at age 15 months.
DISCUSSION
Fundus AF originates principally from the lipofuscin that accumulates in RPE cells. The bisretinoid compounds in RPE lipofuscin have the spectral characteristics consistent with fundus AF, and these fluorophores form in photoreceptor outer segments as a consequence of inadvertent reactions of vitamin A-aldehyde. 30 A2E is a well-known bisretinoid of RPE lipofuscin, 31 ,32 but other bisretinoids have been characterized. 33 By qAF analysis and by HPLC measurement of A2E in mice, we replicated previous findings demonstrating that RPE lipofuscin increases with age in humans [34] [35] [36] and mice. 29, 37 In our current study, qAF increased with age from 2 to 12 months in Abca4
, and Abca4 À/À mice. The slope of the regression line describing the qAF increase with age in Abca4 À/À mice was significantly greater than for Abca4 þ/À and Abca4 þ/þ mice; this finding indicated a more rapid rate of qAF increase in Abca4 À/À mice. The regression line reflecting the change in A2E levels with age also was steeper in the case of Abca4 À/À . The increase in A2E observed in Abca4 þ/À mice relative to Abca4 þ/þ replicated a previous report. 38 By plotting qAF as a function of A2E (Fig. 4C) we found that the data fit a linear model but the significant positive intercept (0.7 qAF units) along the qAF axis indicated that proportionality between the two measures could not be demonstrated. However, if all qAF measurements were reduced by 0.7, proportionality would be realized. One interpretation of the positive intercept in the linear relationship between qAF and A2E is that fluorophore(s) that do not accumulate contribute to qAF measurements in addition to A2E (and other bisretinoids 33 that accumulate at the same rate). This interpretation assumes that these other fluorophore(s) provide a constant contribution to qAF at all ages and genotypes. The amount of the additional fluorophore(s) could remain constant if these were bisretinoid precursors or were processed otherwise (e.g., oxidation, Schiff base hydrolysis). One cannot exclude contributions to qAF from retinal tissues and from the superficial choroid, since the depth of focus of the Spectralis is approximately 300 lm.
Comparison of the increases in qAF and A2E with age revealed that A2E levels increased faster than the qAF levels for all genotypes. This is explained partially by our model, since removing the contribution of the other fluorophore from all qAF data essentially would increase the ratios of qAF at age 8 months to qAF at age 2 months, and bring these ratios closer to those obtained for A2E. Thus, for Abca4 þ/þ mice the ratio would increase from 1.7 6 0.1 to 5.4 6 0.1 (compared to 3.0 6 0.6 for A2E), for Abca4 þ/À mice the ratio would increase from 1.8 6 0.2 to 3.6 6 0.2 (compared to 3.1 6 0.7 for A2E), and for Abca4 À/À mice the ratio would increase from 1.6 6 0.2 to 2.1 6 0.2 (compared to 2.8 6 1.6 for A2E).
The discrepancy in A2E and qAF in terms of the linear versus quadratic time course, may be the result of selfabsorption in the RPE during the in vivo measurement of qAF. Indeed, the lipofuscin-containing residual bodies are distributed at various levels in the cell and high absorption by lipofuscin in the apical part of the cell will reduce the contribution of the more deeply positioned lipofuscin. Thus, the qAF signal could be attenuated in older Abca4 À/À mice wherein the quantity of lipofuscin is the highest. Since we used albino mice for this study, absorbance of fluorescence signal by melanin would not be a factor. In addition to formation of lipofuscin, a factor to take into consideration is removal of lipofuscin. Such a process might be invoked to explain the declining rates of increase in qAF and A2E (Fig. 4) . No evidence exists for enzyme-mediated degradation of RPE bisretinoids. However, photodegradation of bisretinoid secondary to photooxidation is known to occur. Photooxidation manifested as fluorescence bleaching (i.e., a decline in fluorescence emission) has been observed within RPE by noninvasive in vivo fundus AF imaging 39 and in culture models. 40 Thus, final qAF is the product of the ratio of fluorophore synthesis in photoreceptor cells versus fluorophore photobleaching in RPE. Moreover, since the products of bisretinoid photodegradation are damaging, it is possible that the lipofuscin lost by photooxidation-associated photodegradation is more significant than the lipofuscin remaining in the cells. It is tempting to consider the possibility that the tendency for photooxidation of bisretinoid varies with bisretinoid concentration, but at this time we have no evidence of this.
The decline in HPLC measurable A2E observed after 8 months of age in Abca4 À/À mice corresponded to the photoreceptor cell loss that was detected as a reduction in ONL thickness at 8 months of age. The thinning of ONL had progressed at 12 months of age. The latter result replicates our previous findings 25 and that of others. 41 We also observed a less pronounced thinning of ONL in Abca4 þ/À mice. We did not observe an age-related thinning of ONL in Abca4 þ/þ mice even at 15 months of age. Consistent with this, most studies of wildtype mice have reported age-associated photoreceptor cell death only after 17 to 24 months of age. [42] [43] [44] Whether the loss of photoreceptor cells occurs consequent to RPE cell degeneration is not yet known. Nevertheless, these findings indicated a relationship between RPE lipofuscin accumulation and photoreceptor cell death. Specifically, the increase in A2E levels and the decrease in ONL thickness (8 months of age) in the Abca4 þ/À mice were less pronounced than in Abca4 À/À mice. It also is notable that A2E levels and qAF in Abca4 þ/À mice were more similar to wild-type than to Abca4 À/À mice. This finding could indicate that with one-half of the gene dosage, Abca4 protein expression is sufficient to prevent substantially increased bisretinoid formation. What was striking to us was that despite the continued loss of photoreceptor cells between 8 and 12 months of age, and the decline in A2E levels, qAF values continued to be elevated. This is an observation deserving further investigation. We previously have provided evidence that increased fundus AF can accompany photoreceptor cell dysfunctioning and degeneration. 30, 45 Thus, perhaps the pronounced fundus AF after 8 months of age reflects the photoreceptor cell degeneration documented by ONL thinning. The identities of the bisretinoids accounting for this continued increase in qAF are not known, but they are unlikely to include A2E as the latter fluorophore exhibited decreased levels after 8 months of age. Other bisretinoids detected by fundus AF could include A2PE the precursor of A2E located in photoreceptor outer segments. 46 Whether this scenario provides an explanation for our current findings is not yet known.
Charbel Issa et al. recently reported gray level analysis of fundus AF images using a wide-field 558 lens, the use of a constant detector sensitivity, and the acquisition of nonnormalized images. 14 Image gray levels were determined along a horizontal profile through the disc with application of a Gaussian blur to reduce image noise and subtraction of zerogray level. Correction for variable laser power was not performed. The detection pupil used was the pupil of the mouse, thereby requiring a correction for pupil diameter. They observed a 2-fold difference in autofluorescence intensity between pigmented Abca4 À/À mice versus wild-type at 6 months of age; the fold-difference in our study was 2.7 in albino Abca4 À/À mice at 6 months of age. The intersession coefficient of repeatability calculated in our work (618.6%, in the absence of a contact lens) was similar to that reported by Charbel Issa et al., (622%, with contact lens) 14 in mice, but was less satisfactory than that obtained for human subjects (66%-11). 24 One difference between human subjects and mice is that determining optimal focus in mice can be more difficult. Thus, in our hands between-session differences in the chosen focus setting was found to be greater (2-3 D) than with fundus AF imaging in humans (0.20-0.27 D). At the same time, however, we found that there is a considerably smaller qAF change per D defocusing in mice compared to humans. Consistent with this, Charbel Issa et al. reported that defocusing within a range of 4 D did not result in appreciable changes in fluorescence intensity values.
14 They observed that after focusing in the NIR reflectance mode, a þ8 to þ10 D dioptric correction was required to focus in the same retinal plane for 488 nm imaging. We used a smaller detection pupil (0.98 mm, compared to the full pupil diameter used by Charbel Issa et al. 14 ) and did not observe a similar dioptric shift. It is likely that the use of a smaller aperture increases the depth of focus, and reduces spherical and chromatic aberrations in the mouse eye. Charbel Issa et al. also emphasized the utility of a contact lens in retarding cataract formation and in providing a standardized curvature to the eye. 14 In addition, we observed that with the contact lens, the point of optimal focus was somewhat more hyperopic than without the contact lens. However, we preferred not to use the contact lens during imaging because variability without the lens was lower than in the presence of the contact lens. Also, attenuation of the AF signal by the contact lens was not constant, perhaps because of varying amounts of gel underneath the lens or due to differences in alignment of the lens.
We concluded that in preclinical studies using mouse models, a standardized approach to fundus AF imaging combined with an internal fluorescent reference enables reliable measurement of normal and disease-related fundus AF in mouse models. The advantages of this approach to RPE lipofuscin quantitation are that repeated in vivo measurements can be performed efficiently and fewer mice are required.
